As an important research area in drinking water treatment field, biofiltration and the mathematical modeling has received considerable attention. Butthe model does not match the experimental study. For designing the biofiltration process the practical model is not available. The objective of the study is to develop a representative model which simulates NOM (natural organic matter) removal in water treatment biofilter. A steady-sate model and the Monod-type substrate utilization were applied. The external and internal mass transfer was neglected in this model. The process of substrate biodegradation, bacterial attachment onto filter media and detachment of suspended bacteria was described. The NOM and biomass profiles in a biofilter as a function of filter depth and filtration velocity was simulated. Through a special experiment the key biokinetic parameters κ and K s were estimated. Test and calculation results show that the model predictions are in good agreement with the experimental data. The model adapts to a wide range of various conditions by changing the parameters such as flow rate, bacteria and DOC concentration et al.
Introduction
Biofiltration is a promising way to remove trace organics and achieve biological stability in drinking water treatment. Thus it has attracted great attention in water industry, and since 1980s much research has been performed on it. In order to make clear the chemical and microbiological processes, many researchers have made a study of the biodegradation mechanisms and put forward a lot of biofilter models. The above models can be divided into steady-state [1] [2] [3] [4] and non-steady-state [5] type. Steady-state models considered that the biomass of biofilm were unchanged, while non-steadystate took the sudden loss of attached biomass due to filter backwash into account. The non-steady-state model proposed by Hozalski [6] showed that the average BOM removals should not be impacted until the amount of biomass lost during backwashing exceeds 60%. This suggested that the effect of periodic backwashing on biofilter performance could be neglected, which is consistent with the literature report. Therefore, steady-state model is more representative and practical.
The steady-state model was first introduced by Rittmann. The model described substrate diffusion within the biofilm, substrate utilization in the biofilm and the biofilm growth and decay. Later, Saez then developed a pseudo analytical solution for this model, which helped to work out the substrate flux into a steady state biofilm and biofilm thickness. Steady-state biofilm model was developed to simulate the removal of AOC in deep bed filters. Four parameters of the model were determined by non-linear regression, thus a lot of data is needed, and the precision of the simulation results is always low at other sites.
Wang and Summers [3] developed another model for deep bed filters. In this model, the diffusion of substrate into a biofilm was assumed to be neglected because of low amount of biomass present. However, the concentration of sessile bacteria should be determined in every situation. Billen published the Chabrol model. The author divided BDOC into three components and considered the major microbiological processes, including hydrolysis and metabolism of organics, interactions between bacteria and solid support, and mortality and grazing of bacteria. The model requires a large number of parameters which were difficult to determine. This paper described a more representative steady-state biofilter model that was developed for designing biofiltration processes in water treatment. Finally, the model results were tested with the data from pilot-scale filters to evaluate its applicability.
Methods

Biofiltration Apparatus
The DOC removal in a biofiltration process was investigated in a pilot plant, which took the effluent water of a sedimentation tank in a water treatment plant as the raw water. The experiment was performed in a GAC/sand filter of 1.8m height and 100mm inner diameter (GAC layer thickness: 60cm, sand layer thickness: 40cm). The filter had seven sampling ports which were located along the GAC bed at the depth of 10, 20, 30, 40, 50 and 60 cm respectively. The biofilter was naturally set up and operated about eight months before sampling.
Analytical Methods
DOC was determined by measuring the TOC of samples filtrated through a 0.45 µm membrane.
Heterotrophic plate count bacteria were measured using a spread plate procedure with R2A agar, incubated at room temperature for 7 days.
Modeling
Kinetic modeling of the utilization of the dissolved organic matter was applied, and the fundamental bioprocesses considered are as follows: (1) biodegradation of substrate by the sessile bacteria in the biofilm; (2) attachment of suspended bacteria onto filter media; (3) detachment of the attached bacteria by fluid shear; (4) bacteria growth and decay. The bacteria are assumed to be homogenous and have the same properties. The external mass transportation and diffusion inside the biofilm is neglected.
Biodegradation of Substrate
As the concentration of sessile bacteria is much higher than the concentration of suspended bacteria, substrate utilization is considered mainly by the bacteria attached on the filter media.
According to Michalis-Menten kinetic, the substrate utilization rate is
where µ max is the maximum specific growth rate of bacteria (h 1 ) , K S is the Monod half velocity constant (mgDOC / L) , κ is the maximum specific substrate utilization rate (mgC /CFU / h) , Y N/S is the growth yield (CFU /mgDOC) .
Attachment of Suspended Bacteria onto Filter Media
The attachment rate of suspended bacteria onto filter media is described by the theory of Langmuir-type adsorption.
where κ ads is the adsorption coefficient (L/CFU/h), X max,ads is the maximal capacity for bacterial adsorption (CFU/L)
Detachment of the Bacteria by Fluid Shear
For the detachment process, the bacteria detachment is considered mainly due to fluid shear, and the shearing rate is derived from the detachment model of Speitel and DiGiano (1981) .
where b s is the biofilm shearing coefficient ( day -1 ), b s ' is a dimensionless parameter between 0 and 1. The two parameters can be estimated from experimental data. Another method to estimate b s is using the following equation proposed by Rittmann (1982) :
where µ is the fluid viscosity ( g/(cm·day) ), ν is the superficial fluid velocity ( cm/day ), is the bed porosity, d p is the diameter of media (cm ) and α is the specific surface area of the bed ( cm -1 ).
Growth and Decay of Bacteria
The growth rate is described according to Monod-equation
A first-order constant of decay rate is considered in the model (9) As the mass profile in biofilter is assumed to be in steady-state, the time derivatives in equation (9), (10) and (11) are set zero, and these equations can be simplified as:
Model Parameters
Model parameters are important for biofilter simulation. The parameters used in the model are listed in table1. In table1, some biofilter specifications were known directly, some parameters were determined from experiment, and others were taken from literatures. As the model is Monod-type dependent, the key parameters (K S and k) therefore play an important role in the biofilter simulation. The values of K S and k were estimated suing a simple approach.
Estimation of K s and k
According to Monod-equation, the specific substrate utilization rate is
In equation (13), dS/dt is approximated as (S 0 -S e )/ t, S is approximated as (S 0 +S e )/ 2. where S 0 and S e are the initial and end substrate concentration respectively (mgDOC/L), and t represents the time period for biodegradation.
In equation (13), S is regarded as an independent variable and, R is a dependent variable, and then K S and k can be estimated by non-linear regression (using Gauss-Newton method), which is based on the minimization of the sum of squares of the difference between predicted and measured specific substrate utilization rates: An appropriate experiment was performed for K S /k test, according to the above technique. A cocktail of BOM, nitrogen and phosphorus was added in bottles for bioreaction, and the biomass taken from the top layer of the biofilter was then put into the bottle. The bioreaction temperature was controlled, and in this project, the K S /k test was only carried out in middle temperature(17.5℃ ). CFU / mgDOC Fry J. C [7] half velocity constant (
Billen [8] Adsorption and detachment constants
12 L/CFU/h Uhl.W [9] maximal capacity for bacterial adsorption
CFU / L Uhl.W [9] biofilm shearing coefficient (
Bacteria properties
Density (ρ p ) 1100 mg/L Martin [10] Diameter ( dp ) 1.5×10 The estimation results were presented in Table 1 and the observed and predicted R values as a function of S are shown in Figure 2 . It should be noted that comparing the k values in this study with those from other literatures is difficult, because variant units were used. However, the max (h -1 ) is comparable. The value of max in this paper is calculated as 0.195 h -1 , which agrees well with those from Hozalski (1996) and Zhang and Huck (1996) . The half velocity constant, S K in this paper is also at the same level (1mgDOC/L) with those from others investigated recently in biological water treatment. Figure 3and figure 4 describes the influence of filtration velocity and bed depth on the DOC and bacteria concentration profile respectively. The concentration of suspended bacteria and substrate at x=0 were measured and listed in table 1 with other parameters. The average removal rate of DOC is about 18% at 17.5℃, therefore 18% of organics in raw water can be biodegraded in this pilot experiment. Figure2 shows that DOC removal part of filter bed increases from 0.2m to the whole filter depth when the filtration velocity increases from 5m/h to 15m/h. Consequently, the biodegradable DOC moves deeper into the filter bed with increasing filtration velocity. Figure 4 shows that both attached and suspended bacteria concentration presents the similar profile in steady state, the bacteria concentration decreases along the filter depth, and when the filtration rate is increased, the bacteria zone extends to the bottom of the bed. The model results also show that and the DOC removal rate is same at equal EBCTs, which suggests that the performance of removing DOC is not affected by changing filtration velocity, as long as the EBCT keeps the same. The EBCT needed to remove DOC is 4.8min in this pilot experiment.
Results and Discussion
Conclusions
This paper documented the development of a model, which simulated the steady-state substrate and biomass profiles in drinking water biofilters. The model was tested using data from a pilot scale experiment. The results show that this model gives an accurate description of DOC biodegradation and biomass distribution in biofilter. Therefore, it is an effective model for simulation of the biofiltration process. The key biokinetic parameters K S and k were estimated through a simple experiment in this paper. However, the impact of temperature on the biodegradation of the fixed biomass was not investigated because of a lack in experimental data. Projects to investigate the K S and k at different temperature are now proposed. Other parameters characteristic for filter media and water quality parameters like bacteria and DOC concentration should be determined for the simulation.
